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PROPOSAL FOR DETERMINING THE MASS OF LIQUID PROPELLANT WITHIN 
A SPACE VEHICLE PROPELLANT TANK SUBJECTED TO A ZERO GRAVITY 
ENVIRONMENT 

R. L. Evans and J. R. Olivier 

SUMMARY 

A liquid propellant mass measurement system is proposed for the 
zero gravity environment. The known thermodynamic relationships for 
the liquid propellant and helium gas concomitant with state of the art 
instrumentation are used to provide a system comparable with present 
day terrestrial mass measuring systems. 

In particular, the operation of the system is outlined for the 
propellant transfer method and for the determination of leaks and 
leakage rates. 

A second concept which is a simplified version of the proposed 
mass measurement system is introduced and discussed. 

SECTION I. INTRODUCTION 

In a n y  manned space flight mission, it should be possible to 
determine the quantity of individual propellants contained onboard at 
any time. Thus, a requirement exists for an onboard propellant mass 
measurement system which is operable in a zero-gravity environment. A 
system is proposed and applied to the orbital tanking mode. This system 
is generalized and made applicable to any stage propellant tank. 

SECTION 11. PROPOSED MASS MEASUREMENT SYSTEM 

The proposed concept for determining the mass of propellant within 
The mass of pro- an orbiting space vehicle assumes a nonvented system. 

pellant within a vehicle propellant tank can be determined by knowing 
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t he  t o t a l  volume of phys i ca l  p r o p e r t i e s  o f . t h e  l i q u i d  p rope l l an t  contained 
the re in .  By monitor ing the  pressure  and temperature of  a known mass of  
helium gas wi th in  t h e  p rope l l an t  tank and the  p re s su re  and temperature 
of  the  p r o p e l l a n t ,  t he  gas  l a w s  may be u t i l i z e d  t o  determine the  propel -  
l a n t  mass w i t h i n  the  tank.  

FIGURE 1 shows a schematic of  a v e h i c l e  p rope l l an t  tank of  known 
water volume which i s  co r rec t ed  f o r  l o w  temperature shr inkage.  A small 
sphere (or  cy l inde r )  of h igh-pressure  helium gas and a f l e x i b l e  t h i n  
w a l l  b ladder  are i n s t a l l e d .  The b ladder  i s  provided t o  sepa ra t e  t h e  
helium and p rope l l an t .  The p rope l l an t  tank  i s  also inst rumented wi th  
temperature and p res su re  probes.  

A. DETERMINATION OF PROPELLANT MASS. TRANSFERRED 

1. The v e h i c l e  p rope l l an t  tank  i s  purged of  fo re ign  gases  and 
precooled wi th  l i q u i d  p rope l l an t  p r i o r  t o  launch. 
p rope l l an t  vapor and res idual  l i q u i d  p rope l l an t  when i t  i s  launched and 
placed i n  o r b i t .  

The tank  con ta ins  

2.  Rendezvous of  t he  v e h i c l e  and an  o r b i t a l  tanker  i s  made 
(FIGURE 2a) and p rope l l an t  t r a n s f e r  i s  i n i t i a t e d .  

3.  A t  some t i m e  during the  t r a n s f e r  process ,  t h e  helium i s  
r e l e a s e d  w i t h i n  the  bladder  (FIGURE 2b). Pressure  w i t h i n  t h e  b ladder  i s  
then  equa l  t o  o r  s l i g h t l y  g r e a t e r  than the  tank  pressure .  I f  a pres -  
su re  d i f f e r e n t i a l  exis ts  a c r o s s  the  b l adde r ,  i t  w i l l  subsequent ly  be 
reduced t o  zero  wi th  cont inued p rope l l an t  t r a n s f e r .  

4 .  Prope l l an t  t r a n s f e r  cont inues  u n t i l  t he  tank  p res su re  
su rpasses  the  vapor p re s su re  of  t h e  p rope l l an t .  The p rope l l an t  i s  then 
i n  a subcooled state (FIGURE 2c). 

5 .  Now only  l i q u i d  p rope l l an t  and helium gas  are w i t h i n  t h e  
tank;  consequent ly ,  t he  mass of l i q u i d  p rope l l an t  can be determined. 
The volume of  helium gas i s  e s t a b l i s h e d  wi th  the  gas  l a w s  as fol lows:  

where = t o t a l  volume ofs helium "H 
% = mass of  helium 

RH = gas  cons tan t  f o r  helium 
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= temperature of helium TH 

PH = pres su re  of  helium 

ZH = compress ib i l i t y  f a c t o r  f o r  helium 

The volume occupied by t h e  l i q u i d  p rope l l an t  i s  then: 

vp = VT - VH 

where Vp = t o t a l  volume of  l i q u i d  p r o p e l l a n t  

v = t o t a l  volume of  tank  T 

The d e n s i t y  of the  l i q u i d  p rope l l an t  p i s  e s t a b l i s h e d  
by the  p r o p e l l a n t  temperature .  Hence, t h e  mass of  l i q u i d  p rope l l an t  
M i s :  

P 

B. PROPELLANT LEAKAGE RATE DETERMINATION DURING SPACE FLIGHT 

I n  any v e h i c l e  s t a g e  p rope l l an t  tank  (equipped as previous ly  des- 
c r ibed)  con ta in ing  a small u l l a g e  volume of helium gas  and subcooled 
l i q u i d  p r o p e l l a n t ,  a decrease  i n  tank p res su re  would i n d i c a t e  a p rope l l an t  
leak .  As long as the  tank p res su re  remains above t h e  vapor p re s su re  of 
t he  p r o p e l l a n t ,  t h e  mass of p rope l l an t  w i t h i n  the  tank can be determined 
as descr ibed  w i t h i n  t h i s  paper.  The leakage rate i s  given as: 

Mo - Mt 
y =  t - t o  

where 7 = leakage ra te ,  # M / t i m e  

= t i m e  l eak  i s  discovered 

t time a f t e r  l eak  i s  d iscovered  

= mass of  p r o p e l l a n t  w i t h i n  the  tank a t  time to 
MO 

Mt = mass of  p r o p e l l a n t  w i t h i n  t h e  tank  a t  time t 

FIGURE 3 shows a schematic arrangement of  t h i s  leakage d e t e r -  
minat ion system a p p l i e d  t o  the  p r o p e l l a n t  tanks  of  a space veh ic l e .  
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SECTION 111. INVESTIGATIONS REQUIRED TO ESTABLISH PROPOSAL FEASIBILITY 

The accuracy of  t he  measuring ins t ruments  must be eva lua ted  t o  
determine the  system f e a s i b i l i t y .  The fol lowing i s  considered:  

1. Water Volume. The water volume of t he  p rope l l an t  tank must 
be determined and c a l i b r a t e d  f o r  low temperature shr inkage.  This  method 
i s  i n  c u r r e n t  usage and the re fo re  poses no p a r t i c u l a r  problems. 

2 .  Pressure .  The measurement of pressure  wi th in  the  tank  a l s o  
i s  wi th in  the  c u r r e n t  s t a t e  of t he  a r t .  However, s i n c e  t h e r e  i s  a zero-  
g r a v i t y  environment, buoyant f o r c e s  are n o t  present .  Therefore ,  t he  
measured tank  pressure  i s  independent of  sensor  loca t ion .  Probe and 
readout  s e n s i t i v i t y  are expected t o  be about t he  same as i s  i n  c u r r e n t  
usage. 

3 .  Temperature. Temperature probes i n d i c a t i n g  p r o p e l l a n t  
temperature should be s i m i l a r  t o  those i n  c u r r e n t  usage on vehicle pro- 
p e l l a n t  tanks .  Due t o  hea t  t r a n s f e r ,  temperature s t r a t i f i c a t i o n  may 
occur .  
t o  be so dur ing  p rope l l an t  t r a n s f e r ,  due t o  turbulence .  However, i n  t he  
case of slow leakage ra te  d e t e c t i o n ,  s t r a t i f i c a t i o n  e f f e c t s  are expected 
t o  be i n f l u e n t i a 1 , a s  l i t t l e  turbulence i s  promoted. Therefore ,  s t ra t i -  
f i c a t i o n  e f f e c t s  must be examined i n  l i g h t  of  t he  leakage system accuracy 

Although t h i s  e f f e c t  could be d e l e t e r i o u s ,  i t  i s  no t  expected 

Temperature probes may prove necessary  wi th in  the  helium system. 
However, s i n c e  helium h a s  a h igh  thermal conduc t iv i ty ,  i t s  temperature 
would be the  same as the  p rope l l an t  temperature.  

4 .  Helium Mass. The mass of helium used i n  t h i s  system i s  
expected t o  be ve ry  small, i . e . ,  the  helium mass w i l l  c o n s t i t u t e  approxi-  
mately 4 percent  of the  tank t o t a l  volume when the  p rope l l an t  becomes 
l i q u i f i e d .  The percentage  e r r o r  (E ) i n  measuring the  helium volume w i l l  
r e f l e c t  a percentage e r r o r  (EP) i n  getermining the  t o t a l  p r o p e l l a n t  volume 
and i s  given by: 

"H 
E =  p 'H 

For a system having a 4 percen t  helium u l l a g e  volume, t h e  volu- 
metric e r r o r  i n  measuring t h e  helium volume would be r e f l e c t e d  as an 

E /24 .  This  unique aspec t  of  t h e  system con- 4 
p = 9 6 % =  H e r r o r  o f  E 

t r i b u t e s  l i t t l e  t o  the  t o t a l  system inaccuracy.  Therefore ,  the  t o t a l  
system accuracy depends p r imar i ly  on the  accuracy i n  determining the  
t o t a l  volume of the  tank and the  d e n s i t y  of t he  l i q u i d  p rope l l an t .  I t  
i s  a n t i c i p a t e d  t h a t  l abo ra to ry  methods w i l l  be employed f o r  measuring 
the  mass of helium used i n  the  system. 
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5.  Bladder Poros i ty .  The p o r o s i t y  of  t h e  b ladder  may pose 
a problem, i . e . ,  d i f f u s i o n  of t he  helium gas  through the  b ladder  w a l l s  
might impair  t he  measurement system. Fur the r ,  t h e  problem of developing 
a f l e x i b l e  b ladder  compatible wi th  c e r t a i n  l i q u i d  p r o p e l l a n t s  must be 
solved.  It i s  a n t i c i p a t e d  t h a t  a bladder  similar t o  an  expuls ion  bladder  
c u r r e n t l y  being i n v e s t i g a t e d  would be r equ i r ed .  Due t o  t h i s  problem a n  
a l t e r n a t e  concept i s  presented .  

SECTION I V .  ALTERNATE MASS MEASUREMENT SYSTEM CONCEPT 

I n  the  previous s e c t i o n ,  t he  use of  a f l e x i b l e  b ladder  w a s  descr ibed  
i n  conjunct ion  wi th  a mass measurement system f o r  determining the  mass 
of  p r o p e l l a n t  t r a n s f e r r e d  and p rope l l an t  mass leakage. It w a s  mentioned 
t h a t  d i f f u s i o n  of t he  gas  contained wi th in  t h e  b ladder  might impair  t h e  
system, t h e r e f o r e ,  i n v e s t i g a t i o n s  were conducted t o  determine i f  a sys-  
t e m  could be devised  which would e l imina te  the  b ladder .  
i s  a ' d e s c r i p t i o n  of  t h e  p rope l l an t  t r a n s f e r .  

The fo l lowing  

1. Consider a nonvented t r a n s f e r  system and p rope l l an t  tank  
as presented  f o r  t he  f i r s t  proposal  except  t h a t  t he  b ladder  i s  d e l e t e d .  

2 .  P r i o r  t o ,  o r  s h o r t l y  a f t e r ,  t he  i n i t i a t i o n  of  p r o p e l l a n t  
t r a n s f e r  the  helium i s  r e l e a s e d  wi th in  the  veh ic l e  p rope l l an t  tank 
(FIGURE 4 ) .  The mass of l i q u i d  p rope l l an t  t r a n s f e r r e d  can immediately 
be determined wi th  t h e  gas  l a w  and Da l ton ' s  l a w  of  p a r t i a l  p ressures .  

3. Since the  temperature of t h e  p rope l l an t  can be measured, 
t h e  vapor p re s su re  of t he  l i q u i d  p rope l l an t  can be determined wi th  
t a b l e s  o r  c h a r t s .  The helium pressure  i s  determined as: 

P = P  H T - ' W  

P = pres su re  of  helium 

P = t o t a l  p re s su re  of tank 

H 

T 

where 

Ppv = vapor p re s su re  of p r o p e l l a n t  

The hel ium volume i s :  

= vPv 
- %'H%~H 

pH vH - 

where Vpv = volume of p r o p e l l a n t  vapor 
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The volume of  l i q u i d  p rope l l an t  then i s :  

v = v  P T - ' H  

The mass of l i q u i d  p rope l l an t  w i th in  the  tank i s :  

M = V  p P P P  

SECTION V .  DISCUSSION OF ALTERNATE SYSTEM CONCEPT 

1. Although t h i s  system i s  similar t o  the  i n i t i a l  concept ,  i t  
i s  l e s s  accu ra t e .  
as  a func t ion  of t he  p rope l l an t  vapor p re s su re  and t o t a l  tank p res su re .  

This  i s  a consequence of determining the  helium volume 

2 .  
v e s t i g a t e d .  

3 .  

The a b s o r p t i v i t y  of the  p rope l l an t  f o r  helium must be i n -  

A s e r i o u s  impairment t o  t h i s  system i s  t h a t  a l eak  would 
make mass determina t ion  impossible .  This  i s  t r u e  s ince  helium gas can 
escape wi th  p rope l l an t  from the  system. 

SECTION V I .  CONCLUSION 

The unknown thermodynamic r e l a t i o n s  f o r  a given l i q u i d  p r o p e l l a n t  
and helium gas may be used i n  conjunct ion  wi th  s ta te  of t h e  a r t  i n s t r u -  
mentat ion t o  provide a mass measurement system comparable wi th  terres- 
t r i a l  systems. 

The proposed system employing a f l e x i b l e  bladder  i s  recommended 
f o r  t h i s  purpose s ince  i t  i s  i n h e r e n t l y  more accu ra t e  than the  system 
without  the  b ladder .  Furthermore,  the  recommended system i s  not  i m -  
pa i r ed  by the  leakage of p rope l l an t  from the  p rope l l an t  tank ,  r a t h e r  
i t  may be used t o  determine p rope l l an t  leakage r a t e .  
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